The Campania Region (Southern Italy) is characterized by the frequent occurrence of volcaniclastic debris flows that produce damage to property and loss of life (more than 170 deaths between 1996 and 1999). Historical investigation allowed the identification of more than 500 events during the last four centuries; in particular, more than half of these occurred in the last 100 years, causing hundreds of deaths. The aim of this paper is to identify debris flow proneness and to quantify hazard. To this end, we compared several elements such as the thickness distribution of pyroclastic fall deposits from the last 18 ka of the Vesuvius and Phlegrean Fields volcanoes, the slopes of relieves, and the historical record of volcaniclastic debris flows from AD 1500 to the present.
Introduction
Debris flows are one of the most recurrent and dangerous natural hazards in volcanic terrains (e.g. Lowe et al. 1986; Newhall and Punongbayan 1996; Scott 1989; Scott et al. 1995 Scott et al. , 2001 Pareschi et al. 2000a; Pierson 1985 Pierson , 1995 Capra et al. 2004; Macías et al. 2004 ). The recurrence of volcanic debris flows usually increases during, and shortly after, an eruptive event (e.g. Waitt et al. 1983; Newhall and Punongbayan 1996; Capra et al. 2004 ). However, debris flows can also be generated by storms or earthquakes during volcanic quiescence (e.g. Scott et al. 2001; Pareschi et al. 2000a; Capra et al. 2004) . Explosive eruptions disperse loose pyroclastic material over large areas, and volcaniclastic debris flows can potentially be triggered when the pyroclastic fall deposits have an appreciable thickness. One of the most striking examples of debris flows originated in volcanic terrains far from the volcanic edifice (15-20 km) is in the Campania Region (Southern Italy). Volcaniclastic debris flows occur frequently in this area, causing damage to property and loss of life. For instance, between 1996 and 1999 more than 170 people were killed by volcaniclastic debris flows in the areas bordering mountain slopes (Calcaterra et al. 2003a; Calcaterra and Santo 2004) ; the event of May 5-6, 1998 was responsible for 90% of injuries and fatalities (e.g. Pareschi et al. 2000a) . Similar events have frequently occurred in the area in the last
Volcaniclastic debris flows in Campania
The volcaniclastic terrains which cover the Campanian Apennines derive from the explosive activity of the Somma-Vesuvius and Phlegrean Fields volcanoes (Santacroce 1987; Rosi and Sbrana 1987; Fig.1a,b;  Table 1 ). The volcaniclastic cover of the hillslopes usually consists of alternating poorly-to well-preserved fallout beds, volcaniclastic colluvium and buried soils with variable amounts of bedrock material (e.g. Di Crescenzo and Santo 1999; Calcaterra et al. 1999 Calcaterra et al. , 2000 Zanchetta et al. 2004a, b) . Volcaniclastic debris flows in the Campania Region are triggered by heavy or prolonged rainfalls (e.g. Onorati et al. 1999 ) on steep slopes (usually >25-30°, e.g. De Riso et al. 1999; Calcaterra et al. 1999; 2000; Pareschi et al. 2000a Pareschi et al. , 2002 that determine the formation of shallow landslides rapidly transforming into debris flows. This rapid transformation is driven by the high initial porosity and low bulk density of the volcaniclastic material deposited on the steep slopes (Zanchetta et al. 2004b ). The high porosity and low density determine the initial contraction of soils after failure, thereby increasing the pore-water pressure and favouring liquefaction (Iverson et al. 2000) . Destabilization of volcaniclastic terrains is usually favoured by progressive reduction of matrix suction, which plays an important role in increasing the stability of fine volcaniclastic material when it is moderately wet. However, the exact mechanism which leads to the destabilization of the fine-grained colluvial deposits and buried soil interbedded with coarser pyroclastic fall deposits is uncertain (Frattini et al. 2004) . Moreover, local morphological conditions can increase the instability of the volcaniclastic terrain like the presence of man-made cuts, rock cliff or local topographic concavity. Once initiated, debris flows can increase their volume through channel scouring (bulking sensu Scott et al. 1995) and lateral collapse of soil on channel slopes (e.g. Calcaterra et al. 1999 Calcaterra et al. , 2000 Zanchetta et al. 2004b ) and by the merging of different flows into a single slurry.
Debris-flow deposits comprise volcanic material in both the matrix and the coarse fraction, and contain variable amounts of bedrock clasts (e.g. Zanchetta et al. 2004b) . The clay content is generally low (Zanchetta et al. 2003; 2004a, b; Sulpizio et al. 2006) , and flows can be classified as non-cohesive debris flows (sensu Scott 1989; Vallance and Scott 1997) .
Methods

Collection of historical data
In recent years many papers discuss available data on debris flow events in specific sectors of the Campania Region (e.g. Migale and Milone 1998; Del Prete et al. 1998; Cascini and Ferlisi 2003; Calcaterra et al. 2003b; Calcaterra and Santo 2004) . All these data were collected, recompiled for this paper, then collated and checked to avoid incongruence and repetition. A debris flow database was created in which events were classified according to the municipality where they occurred, the date of occurrence and, when available (i.e. for the younger events only), cumulative rainfall at the time of occurrence. The database contains more than 500 debris flow events dating from AD 1540 to AD 1999 ( Table 2 ). The database was inserted into an available geographical information system (GIS) of the area (Pareschi et al. 2000b; Bisson et al. 2002) . The GIS contains a digital elevation model (DEM) derived from points and contour lines and calculated using a modified Delaunay approach (Favalli and Pareschi 2004) .
Cumulative thickness of past pyroclastic fall deposits
Isopach data for the main explosive eruptions since 18 ka were obtained from literature and from georeferenced key geological sections (Table 1 ). These data were transformed into a digital format (point and line layers) containing information on the thickness (expressed in cm) of each eruption. A linear interpolation (TIN) and matrix elaboration were derived from these vector data.
The final output was a grid with a cell size of 10 m containing the cumulative thickness of pyroclastic falls. Then, from this grid, the cumulative tephra isopachs were derived.
On the basis of the available literature data, the 0.1 m cumulative isopach was the thinnest considered isopach.
Results and discussion
Historical data is incomplete and the contemporary interpretations of the nature of past Therefore the increased number of events may also in part be related to these environmental/ historical factors, implying changes of land use and/or climate conditions. In order to analyse the relationship between the distribution of debris flows events and that of pyroclastic fall deposits, the exact location of debris flow occurrences must be known. Such information is commonly not available from historical chronicles, however, so to overcome this problem and standardise analyses, the number of debris flow events for each municipality was attributed to the barycentre (centroid) of the polygon representing the municipality boundary and the tephra thickness considered was the average value computed in each municipality. Figure 3a shows the distribution of the number of debris flow events vs tephra thickness classes, obtained by this approach. This can introduce some bias, since a municipality can intersect different total thicknesses of pyroclastic fall deposits, and the debris flow distribution is obviously not homogeneous over each municipality. To assess the potential errors introduced through this simplification, we also considered the distribution of debris flows with respect to the mean thickness of pyroclastic fall deposits for each municipality, addressing areas with slopes 15° and 25° respectively. Figure 3b and 3c show the distribution of the number of debris flow events compared to classes of tephra thickness obtained by this approach.
These slopes reasonably approximate the areas where debris flows occurred and/or expanded. The distribution of events with respect to the deposit thickness interval is fairly comparable in the three different cases (Fig. 3a,b,c) , implying that the use of the average thickness over a municipality does not introduce significant errors during large-scale analysis. Negligible changes were infact observed in the distribution of the number of debris events as function of the average tephra thickness in each municipality as areas with different slopes are considered (Fig. 3a,b,c) . When areas with thicknesses of pyroclastic fall are plotted against the percentage of events (Fig. 4) , about 12% of events occurred below the cumulative isopach of 0.50 m, while only 4 events (about 1% of the total) occurred in areas <0.10 m. This indicates that areas characterised by very low pyroclastic fall accumulation since 18 ka do not contribute significantly to debris flows. More interestingly, ca.
60% of the events occurred within areas characterized by a cumulative thickness of ≤ 2.5 m, ca.
70% occurred in areas with a cumulative thickness of < 6 m, and 90% occurred in areas with cumulative thickness of < 7 m. This distribution indicates that debris flow occurrence is not just a function of the thickness of pyroclastic fall deposits in a certain area. This partly stems from the fact that the calculated thickness does not represent the total material currently available in the debris flow source areas, because part of this material was either removed by erosion or was only locally accumulated. Moreover, the distribution of Figure 4 can be affected by lack of historical data for certain areas. This could be the case for the apparent low occurrence of debris flow between 2.5 -6 m of tephra thickness.
In Figure 5 the tephra thickness progressively accumulated since 18 ka on slopes 25° was plotted against the number of historical debris flow events. Interestingly, Figure 5 indicates that the areas covered by volcanic deposits older than the Mercato eruption (ca 8 ka, Fig. 1b , Table 1 Despite the fact that the total calculated thickness of fallout does not represent the real thickness of volcaniclastic cover on steep slopes, these data indicate that the distribution of deposits from past eruptions can still provide some general indications useful for hazard assessment. As would be expected, the areas where the total thickness of past eruptions fall deposits is less than 0.1 m have mostly not been involved in the generation of debris flows (Fig. 4) in the recent past. These areas do not contain enough volcaniclastic deposits to generate debris flows. The lack of historical data for these areas also indicates that bedrock material (i.e. carbonates) does not have a relevant role in debris flow formation. The areas affected by the emplacement of pyroclastic fall from eruptions older than ca 10 ka play no particular role in driving historical debris flow recurrence, nor do they represent a future hazard. This because older deposits were substantially eroded from the source areas or stabilised. Stratigraphic analyses performed by Zanchetta et al. (2004a, b) on selected areas of the Campania Region indicate the absence of pyroclastic fall deposits older than Holocene on the slopes recently affected by debris flows (i.e. May 1998). In these areas, Holocene succession directly covers the carbonate bedrock. This corroborates the thesis that the pre-Holocene pyroclastic fall were almost completely eroded. According to the relationship observed in Figure 5 , this conclusion may be extended to the entire Campania Region. Pyroclastic fall deposits younger than 10 ka (Table 1) The considered data indicate that this situation may have lasted throughout the Holocene. A very well documented example comes from the mainly dispersed southward (Sidgurdsson et al. 1985) pyroclastic fall deposits of the Pompei Plinian eruption (AD 79, Table 1 ). Those deposits largely cover the Sorrentina Peninsula (Fig. 1) . The AD 79 pyroclastic fall dispersed to an area with no significant deposition from others eruptions. According to Di Crescenzo and Santo (1999) , the deposits of the AD 79 eruption are still the main source of debris flows in the area. This indicates that after ca. 2 k.y. there is still enough material stored on the slopes.
A tentative large-scale hazard zonation was completed taking into account the following factors: the cumulative thickness of pyroclastic deposits, the age of eruption (younger or older than 10 ka) and slope. The latter factor is important in distinguishing between debris flow source areas and potential areas of inundation. For instance, areas with slopes greater than 25° can be reasonably considered to have the highest probability of initiating debris flows. Similarly, geological data on past debris flow events (e.g. Zanchetta et al. 2004a , Sulpizio et al. 2006 , analysis of recent debris inundation areas, and geomorphological considerations (e.g. the presence of alluvial fans) can be useful in defining past inundation areas. demonstrates that volcanologic data on tephra dispersion from past eruptions can be useful in defining debris flow hazard zonation.
Concluding remarks
The large scale identification of debris flow hazard in volcanic areas can be achieved by collecting historical data and defining the cumulative dispersion of pyroclastic fall deposits. It is important to note that because of past erosion and redeposition, the cumulative thickness of original fall deposits revealed by isopachs mapping does not necessarily match the present-day thickness of volcaniclastic cover on slopes. There is no simple correlation between the cumulative thickness of tephra and recent debris flow events. The age of pyroclastic fall is an important factor controlling debris flow hazard. The main conclusions for the Campania Region are summarised as follows: 1) Areas in which cumulative deposition of pyroclastic fallout was less than of 0.10 m have a low probability of generating volcaniclastic debris flows.
2) Areas with thick pyroclastic fall deposits are not necessarily those in which debris flows are most common.
3) The role of pyroclastic fall deposits in determining the debris flow hazard seems to markedly decreases where deposits just older than 10 ka (Holocene eruptions) occur. (Palumbo and Pisano, 1966) . The data are indicative because rainfall is locally strongly affected by orography. Fig. 3 -Distribution of debris flow events with respect to classes of pyroclastic fall thickness (meters). The pyroclastic fall thickness refers to a reference value calculated for each municipality where debris flow events occurred. In more details the reference value is: a) The average tephra thickness referred to the whole area of each municipality b) The average tephra thickness referred to slopes 15° of each municipality c) The average tephra thickness referred to slopes 25° of each municipality In all figures, the small black number at the top of the bars refers to the total number of municipalities affected by the considered debris flows. The greater number of debris flow events in the class 0.1-1 m, reported in Fig. 3b and 3c respect to Fig. 3a , is due to the presence of 4 municipalities with average pyroclastic fall thickness <0.1 m, but with higher average thickness (0.1 -1 m) on slopes 15°. Fig. 6 -Proposed debris flow hazard map using slope, historical debris flow occurrence, the dispersion of fall deposits from Late Pleistocene-Holocene eruptions, and age of pyroclastic fall deposits TABLE   Table 1 -Summary of eruptions in the last 18,000 years discussed in this paper. In the brackets are the abbreviations used to describe the eruptions 
